Proprietary mixtures of amines and carboxylic acids are used as volatile corrosion inhibitors (VCIs) for the protection of iron and steel components against atmospheric corrosion. This study was focused on the nature of the vapors they release. VCI model compounds comprising mixtures of triethylamine and acetic acid were studied using thermogravimetric analysis coupled with Fourier-transform infrared spectroscopy (TGA-FTIR) at 50°C. As vaporization progressed, the composition of the remaining liquid and the emitted vapor con v erged to a f i xed ami ne con ten t of ca. 27 m ol e percen t. Thi s was j ust ab ov e th e composition expected for the 1:3 amine to carboxylic acid complex. Mixtures close to this composition also featured the lowest volatility.
Introduction
Volatile corrosion inhibitors (VCIs), also referred to as vapor phase corrosion inhibitors, form a protective deposit at the metal interface to limit atmospheric corrosion [1] [2] [3] [4] [5] . VCIs can be pure compounds or may comprise suitable mixtures of volatile compounds. Commercial products are available as liquids or powders and are supplied in sachet or tablet dosage forms [3] . VCIs are also incorporated in polymeric films and in paper used for packaging metal components [5, 9] .
VCIs evaporate or sublimate and migrate via the gas phase to the metal surface to be protected [4] . They reach the metal surface by diffusion and render protection following adsorption [7, 9] . Experience has taught that the vapor pressure should be in the range 0.002 Pa to 1 Pa at 20 °C for effective VCI transport [3, [7] [8] [9] [10] . Too low a vapor pressure leads to slow establishment of protection. High vapor pressures imply high consumption rates and either lead to an early loss of inhibitor activity [7] or limit the effectiveness of VCI to a short period of action [3, 7] .
Appropriate mixtures of amines and carboxylic acids can provide both short-and long-term protection against metal corrosion during storage and transportation [5, [9] [10] [11] . This class of VCIs is mainly used for the protection of mild steel and iron [3, 9] . The pH should exceed pH = 5.5 to ensure adequate steel protection [3] . Therefore the amine has to be present in the vapour in excess otherwise the mixtures might promote corrosion.
The interactions between amines (A) and carboxylic acids (C) have been comprehensively studied [12] [13] [14] [15] [16] [17] [18] . Amines and carboxylic acid mixtures interact strongly via hydrogen bonding Kubilda and Schreiber [19] conducted FTIR studies of the vapors of trimethylamine mixtures with acetic acid and trifluoroacetic acid at high temperatures. However, there is little literature on the nature of the vapors emitted by VCIs. Hence the aim of the present study was to develop a practical TGA-FTIR method to determine the composition of the vapors released by amine-carboxylic acid mixtures VCI model compounds as a function of time.
Triethylamine-acetic acid mixtures were used to validate the method because much data are available for this system.
Experimental

Reagent
Acetic acid (99.8%), triethylamine (TEA) (99%), silica gel and sodium bicarbonate were supplied by Merck chemicals. Drierite 8 mesh drying agent was supplied by Sigma Aldrich.
All the reagents were used as received without further purification.
Method
TEA-acetic acid binary mixtures were prepared in a dry glove box under a nitrogen atmosphere to avoid air oxidation or contamination with moisture. TEA-acetic acid binary mixtures were prepared by weighing out predetermined amounts of the constituents. All the experiments were performed at an atmospheric pressure of 91.6 ± 0.3 kPa. Phase separated TEA-acetic acid mixtures were individually characterized and labelled top or bottom depending on the position of the phase separated layer.
Liquid-liquid phase composition data was determined by the titration method under reflux at atmospheric pressure. TEA was added to a known amount of acetic acid at 50 °C from a burette until the mixture became cloudy. The temperature of the mixture was controlled by water bath. The experiment was repeated at least four times for statistical purposes.
Instrumentation
The binary mixtures were characterized using simultaneous thermogravimetric analysis The sample was heated from 25-400 °C at 20 °C min -1 in N 2 gas at flow rate of 50 mL min -1 .
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The delay time was determined as the time difference between the times for the TGA derivative mass loss signal reached a maximum and the maximum absorption of the CO 2 IR peak was reached.
Liquid phase FT-IR data were collected using a Perkin-Elmer Spectrum RX 100
spectrometer. Samples were placed between two KBr crystal windows (25 mm diameter and 4 mm thick). Background corrected spectra were recorded at room temperature in the wavenumber range 4000 to 800 cm -1 at a resolution of 2 cm -1 .
Differential scanning calorimetry (DSC) was performed on a Mettler Toledo DSC1
instrument. Approximately 5-10 mg samples were placed in standard 40 μl aluminum pans with a pin hole and heated from -40°C to 400 °C at a heating rate of 10 °C min -1 in nitrogen gas flowing at 50 mL min -1 . 
Results and discussion
Liquid phase FTIR results
The liquid phase FTIR spectra of acetic acid, TEA and the selected binary mixtures are compared in Fig. 2 . Pure acetic acid (z A = 0) shows a sharp and strong intensity absorption band due to carbonyl C=O dimer form at 1705 cm -1 , whilst the monomer contribution is observed as a very weak band at 1760 cm -1 [34] . A broad and weak intensity band at 944 cm -1 is due to the OH out of plane deformation vibration mode of the two hydrogen atoms in the acetic acid dimer ring [35] . The presence of the aforementioned band suggests that acetic acid dimers are the dominant species in the liquid phase. [35] . The shoulder at 1240 cm -1 is due to CO stretching vibration [34] .
TEA (z A = 1.00) shows an absorption band at 1477 cm -1 d u e t o C H 3 anti-symmetric deformation mode. The CH 3 symmetric umbrella deformation mode is observed at 1385 cm -1 .
The CN stretching vibration mode is observed at 1212 cm -1 and 1057 cm -1 [34, 37] .
Addition of amine results in a shift in the dimer C=O band position to higher frequencies and the disappearance of the dimeric OH out of plane deformation band. The lack of the OH out of plane dimer form indicates the absence of dimers and the formation of a complex between acetic acid and TEA [38] . The carbonyl C=O is observed at 1722 cm -1 in all TEA-acetic acid mixtures. The contribution due to C=O monomer form is observed as a shoulder in the mixture with composition z A = 0.20 but is absent when z A = 0.33. The new absorption band is observed at 1576 cm -1 is due to the ionic carboxylate, COO - [20] [21] . The COH in plane bending absorption bands shifted position to lower frequency of 1378 cm -1 due to hydrogen bonding between acetic acid and TEA observed in all mixtures. The CO stretching absorption band is observed at 1248 cm -1 . The intensity of the aforementioned band is stronger compared to acetic acid. The reason for this is attributed to the contribution of CN stretching mode from amine which also occurs at the same position [37] . The bottom phase of the sample prepared as z A = 0.80 shows absorption bands similar to z A = 0.20, 0.25 and 0.33.
DSC results
DSC data for acetic acid showed two thermal transitions (see showed boiling onsets occurring at 154°C and 158°C respectively. This suggests that the mixtures with the highest apparent boiling points are those that closely match the composition of the A 1 C 3 complex, i.e. an amine to acid mole ratio of 1:3. The dominant features that distinguish the FTIR spectra for TEA and the spectra for acetic acid are the group of bands between 3300 cm -1 and 2450 cm -1 and those between 1950 cm -1 and 1600 cm -1 respectively. These were used to determine the composition of the vapor streams in the following way. The areas under the absorbance vs. wavenumber plots, from 3300 cm -1 and 1600 cm -1 were determined using fourth order Newton Cotes integration [39] .
TGA-FTIR
However, interfering CO 2 absorption bands are found in the region between 2270 cm -1 and 2450 cm -1 and this region was therefore excluded from the integration range. The integrated areas scaled directly with the TG mass loss rates according to
where ai is the integrated area under the absorbance curve (in the wavenumber ranges A characteristic normalized shape function for each of the pure components was defined by the following integral
where the symbols have the same meaning as in Equation (1) with the integral in the numerator excluding the wavenumber range 2270 cm -1 to 2450 cm -1 . This shape function defines the profile of the integrated absorbance as a function of the wavenumber s. The shape function profile for pure components is independent of the mass flux and this was confirmed experimentally. The shape function profiles for triethylamine and acetic acid are shown in Fig. 9 .
Next consider the (normalized) shape function expected for a mixed vapor composition. Van
Klooster and Douglas [32] previously found that no molecular interaction occur at 162 °C in the TEA-acetic acid system. The present vapor phase spectra were recorded at an even higher temperature and both components should therefore be present in their monomer forms.
Indeed, all the FTIR spectra recorded at 230°C for the mixtures in this study were consistent with this assumption. The absence of the carbonyl C=O dimer band at 1705 cm The absence of complex-forming interactions in the vapor phase at measurement temperature that was used means that the recorded spectra are simply a combination of the spectra expected for the pure compounds. Thus the shape function for a mixed vapor is given by a linear combination of the two pure component shape functions
where bmix is a characteristic measure of the mixture composition and aA and aC are the shape functions for triethylamine and acetic acid respectively. The bmix values were determined from experimental data using least square data fits of Equation (3). Once the bmix values were known, the mass fraction amine in the vapor phase was calculated using
where w A is the mass fraction of an amine in the vapor. The mole fraction of amine in the vapour (y A ) was determined as follows
where M A is the molar mass of component triethylamine and M C is the molar mass of acetic acid. Fig. 9 compares the measured shape functions α for pure acetic acid, pure TEA and the vapour released by a specific mixture. As mentioned above, such plots were used to determine the composition of the vapors. This was done by first extracting the β mix values in Equation (3). Next the amine mole fraction in the released vapor was determined by applying Equation (4) and Equation (5). These were then plotted against time (Fig. 10) or against the mass fraction of mixture released (Fig. 11) . When the composition of the emitted vapor stabilizes at a plateau value it must mean that this should also be true for the liquid phase. In fact, the compositions of the vapor and liquid phase should be the same. This can be checked by performing a mass balance. The differential equation is
and =1−
where m i is the mass of component i in the liquid phase. These two equations can be solved by numerical integration using the TGA mass loss data and the vapor phase composition determined from the FTIR results. The mole fraction amine in the liquid phase can then be determined from
The results of these calculations are presented in Fig. 12 . They confirm that the liquid compositions also approached the same plateau value as found for the vapor phase. This indicates that over time, evaporation of an amine-acetic acid mixture will reach an azeotropelike point where the relative concentrations of the vapor and liquid phases become identical.
The present results indicate that the steady state composition of the vapor released by TEAacetic acid binary mixtures contains excess acetic acid. When this vapor comes in contact with the absorbed moisture on the surface of a metal, the acid dimers in the A 1 C 3 complex will dissociate and hydrolyze to form free monomeric acids that may lower the pH of the water film to values that may induce corrosion [3] . This may provide an explanation as to why TEA-acetic acid is a poor VCI [9] . An effective VCI vapor has to contain excess amine and should not result in too low pH for the liquid water film adsorbed on the metal surface.
Conclusions
Volatile corrosion inhibitors (VCIs) are used to prevent atmospheric corrosion of metals. 
